Abstract: We report on the implementation of fiber taper interferometric hydrogen sensors with high sensitivity and good reproducibility. The tapering process is carried out with a commercial fusion splicer by precisely controlling the pulling and feeding velocities, as well as arc strength. The taper can naturally act as a Mach-Zehnder interferometer and intrinsically offers a transmission spectrum with periodic interference fringes. The sensor with a waist diameter of 3.0 m can present a spectral shift up to −1.99 nm when injecting hydrogen with a concentration of 5% as a result of strong evanescent field interaction with the Palladium overlay. We have fabricated a number of sensors with identical parameters and found that the relative error ratio in waist diameter is less than 6% and that in hydrogen response is 4.2%.
Introduction
Fiber optic hydrogen sensors have recently been proposed and developed for applications in clean energy and aerospace industries [1] . The implementation of a fiber hydrogen sensor typically relies on Palladium coating on fiber surface. The Pd overlay expands in volume and stretches the fiber when absorbing molecular hydrogen, resulting in variations of optical signals in terms of intensity, phase and/or wavelength. A number of sensor schemes have been demonstrated, including interferometers, fiber gratings, and endface absorbers [2] - [5] . However, the conventional expand-stretch approach cannot offer satisfactory response to hydrogen, especially compared to the intrinsic temperature response of optical fibers. Take a Pd-coated FBG for instance, the Bragg wavelength can shift by only tens of picometers with the existence of hydrogen. The temperature sensitivity, in contrast, reaches 10 pm= C, which can possibly cause failure of hydrogen detection. The weak response to hydrogen is a result of the significant difference in volume between the silica fiber and the Pd overlay. Alternatively, evanescent sensors can be implemented, exploiting the evanescent field interaction between light and the Pd overlay, in order to enhance the sensitivity. Possible strategies include side-polishing, femtosecond laser micromachining, or simply tapering the fiber down to microscale diameters [6] - [8] . Tapered optical micro-and nano-fibers have strong evanescent fields and can "see" the small changes in surrounding environments. The ability of a subwavelength optical fiber as a gas sensor has been exhibited based on evanescent absorptions. Subsequently, silica microfiber devices including Bragg gratings [9] , Mach-Zehnder interferometer [10] , knot resonators [11] , and microstructured fiber tapers [12] , [13] have been exploited as sensors to detect molecular hydrogen and other gases.
On the other hand, the geometrical control and tailoring of fiber tapers or microfibers have been intensively studied [14] - [24] . Fiber tapers with complex transverse and longitudinal profiles have been demonstrated towards applications including optical nonlinearity, mode couplers, and photonic sensors. However, there is still a long way for microfiber or fiber taper sensors approaching practical applications, since the tapers fabricated by conventional flamebrush method is hardly reproducible in geometry and typically has a length over 10 cm. For sensing applications, fiber tapers with relatively short length (less than 3 cm), convenient fabrication, and high structural reproducibility are required. In addition, it is favorable if a fiber taper intrinsically offers an optical signal in terms of change in intensity, wavelength, or phase in response to measurands. To fulfill these requirements, in this work, we present reproducible fabrication of fiber taper interferometric sensors via precisely controlled arc discharge and demonstrate their exploration as a highly sensitive hydrogen sensor. Based on the strong evanescent field interaction, a taper interferometer with a waist diameter of 3 m and a 4-nm thick Pd overlay presents a spectral shift of −1.99 nm to 5% hydrogen exposure and a temperature sensitivity as low as À15 pm= C. Experimental result suggests that the relatively error of waist diameter is less than 6%. The reproducibility of the microfibers presents a low relative error ratio of 4.2% in response to hydrogen. The present fabrication of fiber taper sensors with high sensitivity and good reproducibility in both geometry and sensor performance makes a solid step towards practical applications. Fig. 1(a) shows the schematic of the fiber tapering process, carried out by use of a commercial fusion splicer (Fujikura, FSM100P+). The continuous arc discharge generated by the fixed electrodes act as a source to heat the fiber over a localized region. During the arc discharge, the right fiber holder carried by ZR motor moves towards the electrodes with a constant velocity v feed ¼ 0:01 m=ms to feed the silica material into the hot zone. The left fiber holder carried by the ZL motor moves against the electrodes with velocity v pull to draw the softened glass out of the hot zone. The desired geometry is formed by controlling the pulling and feeding speeds in combination of arc strength.
Fabrication Of Fiber Tapers
The taper process can be divided into three consecutive steps, corresponding to the formation of left transition region, uniform waist region and right transition region with lengths of L 1 , L 2 , and L 3 (here L 1 ¼ L 3 for simplicity), respectively. Table 1 lists the optimal parameters for all the three steps. In [14] the authors have described the basic law of fiber tapering-the conservation of mass and depicted how to determine the taper geometry with a scanning or a length-varying heat source. The mass conservation also applies to our method, in terms of equality between the mass feeding rate into the hot zone and the pulling rate out of there. In step 1 during the formation of the first transition region whose local diameter almost linearly changes from D 1 to D 2 , the left motor moves with an initial velocity that equals to v feed and an acceleration of
feed =L 1 , derived from the mass conservation condition. In step 2, the velocity of ZL motor abruptly changes to v max ¼ 1m=ms and then keeps constant to form a uniform waist. This motor runs so fast compared to ZR motor that the local diameter can maintain at D 2 .
Step 3 begins with an initial pulling speed v ¼ ð5 À r À r 2 Þ=ð1 þ r þ r 2 Þ Á v feed and a deceleration to form a symmetric taper structure. The arc strength is also optimized for different local taper diameters to form smooth fiber tapers. It has a correlation in the individual steps. The corresponding arc strength increases from 12.8 mA to 13.1 mA to form the other transition region. Fig. 1(b) shows the measured longitudinal profiles of five individual fiber tapers fabricated with identical parameters. The designed taper length is 2.5 cm. The waist region has a length of 6 mm and a diameter of 9 m. The relative errors in taper diameter are below 6% over the uniform region and below 3% over the transition regions. The size error reaches almost 8% at around the second turning point between the waist and the transition region, which is caused by the abrupt change of v pull . Fig. 1(c) shows the profiles of a single taper observed from two orthogonal directions, which presents its good symmetry.
To demonstrate the flexibility of the fiber tapering process, we have fabricated tapers with different lengths of the waist and transition regions and observe their transmission spectra. 4 degrees, and the total lengths are 25 mm and 5 mm, respectively. The former can be approximately considered as an adiabatic taper with an average transmission loss of −0.8 dB. The periodic variation in the spectrum is a result of weak local mode couplings. For sample b with a larger taper angle, the fundamental HE 11 mode can be partially coupled to higher order modes over the transition region, mainly HE 12 mode here. As a result, the two transition regions act a mode splitter and combiner, respectively, and the taper is naturally a Mach-Zehnder interferometer. Periodic interference fringes can be observed in the transmission spectrum, due to the phase difference between the two modes. The average transmission loss is 3 dB, due to the couplings to higher order modes. The extinction ratio increases with taper angle as a result of more coupled fractional energy. The maximum taper angle limit is about 6 degree, over which the transmission loss significantly rises. The minimum length of the whole taper can be as short as 3.8 mm, which offers an alternative option for compact device and sensor applications, and the minimum waist diameter can be as small as 3 m. Sample c in is drawn from a double cladded singlemode fiber (CorActive Corporation), and the mode field diameter and the numerical aperture of this fiber are 6.6 m and 0.2, respectively. The taper angle is also 4 degree, and the length and diameter is 5 mm and 8 m, respectively, identical to sample b. In contrast, this taper presents much higher extinction ratio, because this double cladded fiber contains an indexreduced F-doped inner cladding. The HE 12 local mode tends to extend to the pure-silica outer cladding at the transition regions which results in a higher coupling ratio [25] . This taper interferometer with high extinction ratio is then exploited as a hydrogen sensor in the following text.
Sensor Implementation and Characterization
The taper interferometer is placed in a vacuum chamber for the deposition of Palladium by using magnetron sputtering driven by an RF source. It is rotated for a single round during sputtering within 20 seconds by use of two rotatable fiber holders and a uniform Pd overlay with a thickness of only 4 nm can be coated. The average transmission loss increases by 6 dB, which is attributed to absorption by the Pd overlay. Fig. 3 shows the schematic setup for the measurement of hydrogen response and the SEM image of the Pd coated sensor. The Pd coated fiber taper is placed in a gas chamber where hydrogen with a certain concentration is injected. The concentration is determined by controlling the flow rates of pure N 2 and H 2 =N 2 mixture (5%/95%). The transmission spectrum of the sensor is recorded by use of a broadband light source (1250-1650 nm) and an optical spectrum analyzer (Yokogawa, AQ6370C) with a resolution of 0.1 nm. Fig. 4(b) shows the measured wavelength shift as a function H 2 concentration. A selected transmission dip at around 1545 nm shifts by −920 pm with a hydrogen concentration of 5%. The dip wavelength changes faster with lower H 2 concentration, due to the phase change of the PdH x complex and the resultant nonlinear refractiveindex change. Fig. 4(c) shows the time response of the sensor. In this measurement, the sensor is placed into a smaller gas chamber with a capacity of 120 mL, then a concentration of 5% hydrogen with a flow rate of 500 mL/min is immediately injected. The measured response time is about 30 seconds. Note that the Pd overlay is only 4 nm in thickness, which is much thinner than that for the conventional expand-stretch sensor schemes, typically 500 nm [26] , which enables fast response to the existence of hydrogen. Thicker Pd coating does induce stronger response to H 2 exposure, but can also bring higher absorption losses, especially for the higher-order modes, which can probably lead to a much lower extinction ratio and make the transmission dips difficult to distinguish.
To test the repeatability of the sensor, the spectral shift of a 5.8 m Pd coated taper interferometer is recorded with five cycles of H 2 injection and removal. The measured shifts with 5% H 2 for the individual cycles are −500 pm, −550 pm, −480 pm and −490 pm, and −550 pm, respectively. The maximal difference in spectral response is 70 pm and the relative error ratio is 5.8%. The difference in performance for each cycle may be a result of imperfection of Pd overlay bonding with the optical fiber. To examine the reproducibility of the sensor, we further fabricated four 6 m tapers with identical parameters, coated them with Pd film, and measured their response to H 2 . Fig. 4(d) shows the measured responses. The individual spectral shifts with 5% hydrogen concentration are −530 pm, −580 pm, −590 pm, and −550 pm, respectively. The maximal difference is 60 pm, and the relative error ratio is 4.2%. The sputtering parameters have been optimized to obtain a uniform overlay as possible as we can. However, there might be some nonuiniformities in overlay thickness along the taper, which can possibly contribute to the difference in optical response for the individual samples. Further efforts will be made to improve the overlay uniformity for better reproducibility. The good repeatability and reproducibility of the present sensor are important for the further exploration towards practical applications in the clean energy and aerospace industries.
We have measured the hydrogen responses of fiber tapers with different waist diameters. The thickness of the Pd film is almost unchanged for different sensors. Fig. 5 shows the measured wavelength shifts with 5% hydrogen concentration as a function of fiber diameter. The sensor with a waist diameter of 3.0 m can present a spectral shift up to −1.99 nm when exposed to hydrogen with a concentration of 5%. Compared with the sensing schemes including the side polished Bragg grating [6] , the fs-laser micromachined interferometer [7] , microfiber Bragg gratings [9] , and the microfiber knot resonator [11] , the present sensor presents higher wavelength sensitivity. The long period grating pair sensor in [5] exhibits a comparable sensitivity, but much thicker sensitive overlay is needed. The plasmonic interferometric sensor incorporating a section of PdAu nanowire in [10] presents higher sensitivity at low hydrogen concentrations, but the assembly between the nanowire and silica microfiber is quite complex.
When absorbing molecular hydrogen, the PdH x overlay tends to expand in volume and stretch the fiber taper. The overlay also changes in refractive index (both real and imaginary parts) and varies the effective indexes of the optical modes via evanescent field interaction. Based on the theory in [25] , the total hydrogen sensitivity can be expressed
where is the dip wavelength, and c denotes the hydrogen concentration. This equation has taken into account the effect of modal dispersion by introducing a dispersion factor À ¼ 1 À ð=ÁnÞð@Án=@Þ. It typically has a negative value as described in [13] . The first term in the bracket depicts the contribution of evanescent field interactions. Here Án represents the mode index difference between the HE 11 and HE 12 modes, n pd denotes the real part of the refractive index of the Pd overlay. When c equals 0, n ðpd;0Þ can take a value of 3 at around 1550 nm [27] . The term ð@ðÁnÞ=ÁnÞ=@n ðpd;cÞ depicts the interaction strength, whose value can be calculated with a finite-element-method (FEM) based mode solver. Specifically, the spatial distribution of permittivity is first defined, with the refractive indexes (real parts) 1.444 and 1.458, and 3.0 for pure silica, germanium doped silica and Pd overlay, respectively. The thickness of the overlay is set as 4 nm. The mode indexes of the HE 11 and HE 12 modes are numerically calculated with an initial overlay refractive index and then the mode-solving is carried out again with a slightly varied overlay index. The RI decrease of the Pd overlay results in mode-index decreases of both HE 11 and HE 12 modes with different rates. As a result, the index difference increases with the absorption of H 2 and leads to the blue shift in spectrum. The factor hðcÞ ¼ ðn ðpd;cÞ =n ðpd;0Þ Þ 2 is a nonlinear function associated with the phase change of PdH x . It decreases with the hydrogen concentration c and taking values less than 1 [1] , [28] . Therefore the amplitude of the term n ðpd;0Þ Á d ffiffiffiffiffiffiffiffiffi ffi hðcÞ p =dc is intrinsically determined by the PdH x overlay. Based on the calculation method described above, the contribution of the evanescent field interaction for a 4.5 m sensor is about −1500 pm at 5% hydrogen concentration. The second term in the bracket gives the contribution of deformation induced by the Pd overlay expansion. The factor p e ¼ @ðÁnÞ=ðÁn Á @"Þ is the effective elastic optic coefficient, which is associated with the variation of HE 11 =HE 12 mode-index difference induced by Pd film expansion. The axial strain " induced by hydrogen absorption is defined as follows [4] :
where ¼ 760 Torr is a standard atmospheric pressure, K ¼ 350 Torr 1=2 is the Sievert's coefficient, and a and b are the diameters of the waist diameter and outside diameter of the coated sensor, respectively. Y pd ¼ 121 GPa and Y si ¼ 73 GPa are the Young moduli of the Pd coating and silica glass, respectively. Based on (2), the expansion induced response is only −4 pm in spectral shift. Compared to the evanescent counterpart, we can determine that spectral shift is dominated by the evanescent-field interaction. We have calculated the response to H 2 with different waist diameters and the result is superimposed in Fig. 5 , which suggests that thinner fiber tapers enables stronger response, due to the stronger evanescent field interactions. The deviation between the calculated and measured result may arise from the uncertainties about the index change of the extremely thin Pd overlay. Fig. 6 shows the measured temperature responses for a taper interferometer before and after Pd coating. The uncoated taper presents a temperature sensitivity of only À5 pm= C, because of the thermo-optic effect and the thermal expansion of the silica fiber. The coated microfiber presents a sensitivity of up to À15 pm= C, raised by three times. The temperature sensitivity of the uncoated taper interferometer can be expressed by
where si ¼ 5 Â 10 À7 = C is the thermal-expansion coefficient, and si ¼ dn si =dT ¼ 6 Â 10 À6 = C is the thermo-optic coefficient of silica glass. The calculated result for the bare taper temperature sensitivity is À5:5 pm= C, in agreement with the measured result. Based on the theory in [4] , the contribution of thermal expansion of Pd overlay to the change in thermal response of the sensor can be expressed as
where pd ¼ 11:8 Â 10 À6 = C is thermal expansion coefficient of Pd coating. Substituting the geometrical and material parameters into (4), the contribution of Pd expansion to the temperature sensitivity is estimated as only À0:04 pm= C. Therefore, the change in temperature sensitivity is attributed to the change in optical and mechanical characteristics of the Pd overlay. However, the temperature dependencies of these characteristics are not fully clear to us so far and the quantitative analysis cannot be finished here.
Conclusion
We have presented fiber taper interferometric hydrogen sensors with both high sensitivity and good reproducibility. The sensors are fabricated by tapering a double cladded singlemode fiber via arc discharge by use of a commercial fusion splicer. The wavelength shift reaches −1.99 nm when exposed to hydrogen with a concentration of 5%, as a result of the strong evanescent field interaction with the Palladium overlay. By precisely controlling the motions and the arc strength, the relative error in waist diameter is less than 6%. As to the sensor performance, the relative error ratio is only 4.2% for the individual sensors. The good reproducibility and high sensitivity is greatly beneficial for the applications in clean energy and aerospace industries.
